1. Introduction {#s0005}
===============

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging febrile illness caused by a novel phlebovirus, SFTS bunyavirus (SFTSV). SFTS is characterized by sudden onset of hyperpyrexia, respiratory or gastrointestinal symptoms, leukocytopenia, thrombocytopenia, neurological symptoms and possibly even death within 7--14 days after the onset of the disease, with a reported fatality rate varying between 12% and 30% \[[@bb0005], [@bb0010]\]. To date, neither effective antiviral strategies nor conventional vaccines have achieved sustainable control of the spread of SFTSV. A better understanding of the mechanism underlying SFTS progression will be helpful in developing new preventive and therapeutic strategies.

Although the mechanism of SFTS is incompletely understood, it is accepted that the immune system may play an important role. Previous studies have demonstrated that immune cells, such as monocytes, myeloid and plasmacytoid dendritic cells in the peripheral blood are also dramatically decreased in acute SFTS patients, especially in deceased patients \[[@bb0015], [@bb0020]\]. A previous study demonstrates that the lymphocyte cellularity of the red pulp is decreased in the spleens of SFTSV-infected mice during the first week after inoculation \[[@bb0025]\]. Additional reports show that CD4 T cells are decreased in the acute phase and in patients who eventually die from the disease \[[@bb0030], [@bb0035], [@bb0040], [@bb0045]\]. However, almost all previous studies collected samples at one or two times points during the disease process rather than determining the dynamic changes in the surviving and the deceased patients. No studies on the correlation between CD4 T cells and disease severity exist. Additionally, the role of CD4 T-cell subsets in SFTS progression remains unclear.

CD4 T cells are subdivided into multiple subsets, including T helper 1 (Th1), Th2, Th17, and T regulatory cells (Tregs), as defined by their characteristic cytokine production profiles \[[@bb0050]\]. Th1 cells are defined by their ability to secrete the cytokines interferon-γ (IFN-γ) and tumour necrosis factor alpha (TNF-α) and play critical roles in the immune responses to many viral infections \[[@bb0050]\]. Th2 cells are critical for promoting anti-helminthic immunity and allergic inflammation through the production of interleukin 4 (IL-4), IL-5 and IL-13 \[[@bb0050]\]. Th17 cells are a more recently discovered population of T helper cells, implicated in driving harmful inflammation during autoimmunity. Th17 cells may contribute to immunologic injury during responses against viruses by producing the hallmark cytokines IL-17 and IL-22 \[[@bb0055], [@bb0060]\]. Tregs maintain immune homeostasis by limiting the magnitude of immune responses against pathogens and by controlling inflammatory reactions by secreting anti-inflammatory cytokines, such as TGF-β and IL-10 \[[@bb0065]\]. When the total counts of CD4 T-cell subsets are decreased or their functions are lost, the ability of these cells to mediate viral removal, provide help for B cells, and regulate immunopathology will be damaged. In addition, it is becoming increasingly clear that considerable plasticity exists within CD4 T-cell subsets in vivo, especially during responses to pathogens \[[@bb0070], [@bb0075]\]. Previous studies have suggested that the Th1/Th2 and Th17/Tregs balances are critical for the maintenance of immune T cell homeostasis in a number of different autoimmune diseases and viral infections \[[@bb0080], [@bb0085], [@bb0090]\]. A deep understanding of the changes in Th1, Th2, Th17 and Tregs in SFTS patients is needed to develop effective antiviral strategies and immune regulation methods to eliminate the virus and protect the host from excessive inflammatory damage.

In the present study, we measured the dynamic changes in the frequencies of T lymphocytes and CD4 T-cell subsets in 12 deceased and 30 surviving patients throughout the entire course of infection. Additionally, the correlations of T lymphocyte and CD4 T-cell subset frequencies with the SFTS index (SFTSI) were evaluated. The results suggested that T-lymphocyte deficiency and CD4 T-cell subset imbalance potentially play important roles in SFTS pathogenesis. This information will be useful for promoting a more in-depth investigation of the mechanisms of SFTSV pathogenesis and may provide an immune basis for new therapeutic strategies.

2. Materials and methods {#s0010}
========================

2.1. Ethics statement {#s0015}
---------------------

The Research and Ethics Committee of The Union Hospital of Tongji Medical College, Huazhong University of Science and Technology (Wuhan, China) approved this study. Each enrolled participant provided informed written consent to enter the study prior to blood collection.

2.2. Patients {#s0020}
-------------

Between May 2015 and September 2016, patients with SFTSV infection according to the clinical guidelines on SFTS released by the Ministry of Health of the People\'s Republic of China in 2010 were admitted to Union Hospital in Wuhan City. Individuals with concurrent hepatitis C virus, hepatitis B virus, human immunodeficiency virus (HIV)-1 infections, or Epstein-Barr virus infections and patients who met the clinical or biological criteria for bacterial or fungal infection were excluded. All patients were admitted to the hospital on days 3--7 after the onset of the illness. The study protocol was approved by the ethics committee of our unit, and written informed consent was obtained from each subject. Patient details, including clinical history, physical examination findings, and routine haematological laboratory results were collected from medical records to conduct a retrospective analysis. The basic characteristics of these subjects at admission are listed in [Table 1](#t0005){ref-type="table"} .Table 1Differences in clinical and laboratory characteristics of the surviving and deceased patients infected with SFTSV at admission.Table 1Characteristics[a](#tf0005){ref-type="table-fn"}ALL cases (N = 42)Non-fatal (N = 30)Fatal (N = 12)p-valueAge, years60 (23--81)58 (23--81)66 (42--80)0.0003[b](#tf0010){ref-type="table-fn"}Male, sex, n(%)20 (47.6)14 (46.7)6 (50)0.85[c](#tf0015){ref-type="table-fn"}Plasma RNA, Log104.15 (1.13--6.95)3.73 (1.13--6.2)4.39 (2.20--6.95)\<0.0001[d](#tf0020){ref-type="table-fn"}PLT, 10^9^/l43 (11--115)42 (11--115)45.5 (18--84)0.48[b](#tf0010){ref-type="table-fn"}MNC, 10^9^/l0.11 (0--1.89)0.14 (0.01--1.89)0.11 (0--0.83)0.34[b](#tf0010){ref-type="table-fn"}LYM, 10^9^/l0.59 (0.11--2.31)0.62 (0.13--2.31)0.51 (0.11--1.89)0.098[b](#tf0010){ref-type="table-fn"}NEU, 10^9^/l1.54 (0.15--10.85)1.75 (0.15--7.58)1.54 (0.18--10.85)0.50[b](#tf0010){ref-type="table-fn"}MNC %4.45 (0.2--42.2)4.8 (0.32--42.2)4.16 (0.2--19.4)0.035[b](#tf0010){ref-type="table-fn"}LYM %24.3 (7.3--76.8)25.5 (7.3--76.8)22.6 (7.3--64)0.9[b](#tf0010){ref-type="table-fn"}NEU %68.9 (3.73--91.47)66.8 (3.73--91.47)72.6 (24--86.73)0.19[b](#tf0010){ref-type="table-fn"}WBC, 10^9^/l2.43 (0.81--12.63)2.73 (0.81--8.41)2.5 (0.75--12.63)0.35[b](#tf0010){ref-type="table-fn"}ALT, U/L76.5 (14--911)69.5 (18--431)97 (14--911)0.26[d](#tf0020){ref-type="table-fn"}AST, U/L223 (27--3876)176 (27--1410)274 (98--3876)0.002[d](#tf0020){ref-type="table-fn"}GGT, U/L35 (10--412)33 (10--412)37 (17--158)0.19[d](#tf0020){ref-type="table-fn"}CK, U/L625 (51--15,143)606 (51--15,143)636 (138--3020)0.018[d](#tf0020){ref-type="table-fn"}LDH, U/L717 (183--6894)852 (183--3092)909 (360--6894)0.34[d](#tf0020){ref-type="table-fn"}Cr, umol/L73.9 (42.4--217.5)69.4 (42.4--141.8)87.6 (43.4--217.5)0.028[d](#tf0020){ref-type="table-fn"}ALP, U/L66 (24--729)63.5 (24--729)75 (24--347)0.29[d](#tf0020){ref-type="table-fn"}[^2][^3][^4][^5][^6]

2.3. Sample collection and processing {#s0025}
-------------------------------------

All SFTSV-infected patients received standard antiviral and support treatments after admission to the hospital based on SFTS treatment guidelines from the Chinese Ministry of Health. Sequential blood samples were collected at regular intervals (within 24 h of admission, every three days thereafter and on the day before discharge). Additionally, we considered the patients\' blood test results on the first day of admission (within 7 days after disease onset) to be "acute phase" and the patients\' blood test results on the day before discharge (two weeks after disease onset, clinical symptoms begin to resolve and laboratory measurements gradually revert to normal) to be "recovery phase". Fifteen SFTSV-uninfected blood donors, who had no background diseases and matched the infected patients with regard to sex, age and ethnic background, were enrolled in the present study, and blood samples were collected at a single time point at the time of enrolment. All samples were processed within the first 4 h after collection. Peripheral blood mononuclear cells (PBMCs) were separated via density gradient centrifugation with Ficoll-Paque Plus (DAKEW Biotech, China) according to the manufacturer\'s instructions.

2.4. Flow cytometry {#s0030}
-------------------

For the measurement of intracellular cytokines, 2 × 10^5^ PBMCs were stimulated with PMA (50 ng/ml; Sigma-Aldrich, USA) and ionomycin (1 μg/ml; Sigma-Aldrich) in the presence of brefeldin A (10 mg/ml; eBioscience, USA) during 5 h of culture. After stimulation, the PBMCs were collected in tubes and surface stained with APC-Cy7-labelled CD3 (300,318, BioLegend, USA), PerCP-cy5.5-labelled CD4 (317,428, BioLegend) and PE-Cy7-labelled CD8 (300,914, BioLegend) antibodies as well as eFluor 506-labelled Fixable Viability Dye (65--0866-18, eBioscience) at 4 °C for 30 min. These cells were then treated with Fix and Perm Reagent (00--5523-00, eBioscience), followed by intracellular staining with PE-labelled IL-4 (12--7049-42, eBioscience), APC-labelled IL-17A (17--7179-42, eBioscience) and PE-Cy7-labelled IFN-γ (25--7319-82, eBioscience).

For the analysis of Tregs, PBMCs were collected in tubes without PMA, BFA or ionomycin stimulation and surface stained with APC-Cy7-labelled CD3 (300,318, BioLegend), PerCP-cy5.5-labelled CD4 (317,428, BioLegend), PE-Cy7-labelled CD127 (351,320, BioLegend) and APC-labelled-CD25 (302,610, BioLegend) antibodies as well as eFluor 506-labelled Fixable Viability Dye (65--0866-18, eBioscience) at 4 °C for 30 min and then washed twice with phosphate-buffered saline (PBS) (HyClone, USA). Subsequently, the samples were resuspended in 200 μl of PBS before acquisition on a FACSCalibur flow cytometer (BD Biosciences). Approximately 5 × 10^4^--1 × 10^5^ events per tube were acquired via flow cytometry to determine the frequencies of the circulating lymphocytes. The results were analysed with FlowJo software (Tree Star, Ashland, OR, USA). Absolute numbers were obtained by multiplying the number of lymphocytes (cells/μl of venous peripheral blood) by the percentages of CD4 T-cell subsets as follows \[[@bb0095], [@bb0100]\]: CD4 + IFN-γ + for Th1; CD4 + IL-4+ for Th2; CD4 + IL-17A+ for Th17; and CD4 + CD25+ CD127^low^ for Tregs.

2.5. SFTS viral load assay {#s0035}
--------------------------

As described previously \[[@bb0015], [@bb0020]\], total RNA was extracted from every clinical patient serum specimen using a viral RNA kit from DAAN Gene (Guangzhou, China), and the viral load of SFTSV RNA copies in the SFTS patients was determined using a certified real-time PCR kit (SFDA Registration No. 340166, China) in accordance with the manufacturer\'s instructions.

2.6. Elisa {#s0040}
----------

The concentrations of IL-6, IL-10 and IFN-γ (BioLegend, USA) as well as IL-17A (R&D, USA) in the serum of SFTS patients were measured by ELISA using commercial kits according to the manufacturer\'s instructions. The detection limit for each cytokine was as follows: IL-6, 7.8--500 pg/ml; IL-10, 3.9--250 pg/ml; IL-17A, 0.2--15 pg/ml; and IFN-γ, 15.6--1000 pg/ml.

2.7. Evaluating the severity of the SFTS patients {#s0045}
-------------------------------------------------

As reported previously \[[@bb0105]\], the SFTSI of patients at admission, where SFTSI = 5× neurological symptom level + 4× respiratory symptom level + 3× LG10 viral load - 2× LN monocyte% - 7, can be used to evaluate the severity of SFTS.

2.8. Statistical analysis {#s0050}
-------------------------

All results were analysed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 6.01 (GraphPad Software Inc., San Diego, CA, USA). Continuous variables were summarized as the median (range) or median ± 95% CI, and dichotomous variables were specified using absolute values and percentages. For two independent groups, two-tailed Mann-Whitney *U* tests were performed, while for single comparisons of paired samples, two-tailed Wilcoxon matched pair tests were performed. Dichotomous variables in the tables were analysed using χ 2 or Fisher\'s exact tests. Correlation analysis of the continuous variables was performed using a non-parametric Spearman correlation test. For all tests, two-tailed p-values of \<0.05 (95% confidence internal) were considered statistically significant.

3. Results {#s0055}
==========

3.1. Characterization of the deceased and surviving SFTS patients at admission {#s0060}
------------------------------------------------------------------------------

A total of 42 hospitalized patients (30 surviving and 12 deceased) were enrolled in this study. The detailed laboratory parameters and clinical information for the patients included in this study are shown in [Table 1](#t0005){ref-type="table"}. Consistent with the results of previous reports \[[@bb0110], [@bb0115]\], there was no sex bias in the deceased and surviving patients (p = .85). The median age of the deceased individuals was greater than that of the surviving individuals (p = .0003). Furthermore, the deceased SFTS patients showed significantly higher viral loads; higher levels of AST, CK and creatinine; and lower monocyte percentages compared with those in the surviving patients. There was no significant difference between the deceased and surviving SFTS patients with respect to their total platelet, monocyte, lymphocyte, neutrophil and leukocyte counts at admission.

3.2. Significant correlation of CD4, but not CD8 T cells, with SFTS severity {#s0065}
----------------------------------------------------------------------------

Although the percentages and numbers of lymphocytes were not significantly different between the deceased and surviving patients ([Table 1](#t0005){ref-type="table"}, [Supplementary Fig. 2](#f0045){ref-type="graphic"}B), the numbers of lymphocytes (but not the percentage) in surviving patients were dramatically lower during the acute and recovery phases compared with those in the healthy controls ([Supplementary Fig. 2](#f0045){ref-type="graphic"}A).

To evaluate the correlations of T lymphocyte levels (including CD4 T cells and CD8 T cells) with the viral loads and SFTSI, we analysed the percentages and numbers of T lymphocytes at various phases in the 42 SFTS patients via flow cytometry. Data from the surviving patients showed that the percentage and number of CD3 T cells were significantly decreased in the acute-phase patients compared with those in the healthy control and recovery-phase patients ([Fig. 1](#f0005){ref-type="fig"}A). Furthermore, compared with the surviving patients, the number of CD3 T cells but not the percentage at admission was significantly decreased in the deceased patients ([Fig. 1](#f0005){ref-type="fig"}B). However, there was no significant correlation between the number or percentage of CD3 T cells and the viral loads or SFTSI ([Fig. 2](#f0010){ref-type="fig"}A and D).Fig. 1Changes in the percentages and absolute numbers of CD3, CD4 and CD8 T cells in PBMCs during SFTSV infection in humans.(A), (D) and (G): The percentages and numbers of CD3, CD4 and CD8 T cells in PBMCs of the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (B), (E) and (H): The percentages and numbers of CD3, CD4 and CD8 cells in PBMCs at admission in the surviving patients (n = 30) and deceased patients (n = 12). (C), (F) and (I): Dynamic changes in the percentages and numbers of CD3, CD4 and CD8 cells in PBMCs of the surviving patients (n = 30) and deceased patients (n = 12). These parameters were monitored at the indicated time points for the entire hospital stay of the patients. The dashed line represents the median of the uninfected controls. The data are shown as the median ± 95% CI. The statistical analysis was performed using the Mann--Whitney U test or the Wilcoxon matched pair test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Fig. 1Fig. 2Correlations of the numbers of CD3, CD4 and CD8 T cells in PBMCs with the viral load and with the severity of SFTS.(A), (B) and (C): Correlation of the percentages and numbers of CD3, CD4 and CD8 cells with viral load at admission in the 42 SFTS patients (including 30 surviving patients and 12 deceased patients). (D), (E) and (F): Correlation of the percentages and numbers of CD3, CD4 and CD8 cells with SFTSI at admission in the 42 SFTS patients (including 30 surviving and 12 deceased patients). Correlation analysis was performed via a non-parametric Spearman correlation test. In the graphs, r and p indicate the correlation coefficient and the p-value of significance, respectively. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Fig. 2

We further analysed the changes in CD4 T cells and CD8 T cells in the SFTS patients. Data from the surviving patients showed that the percentage and number of CD4 T cells were both significantly decreased in the acute-phase patients compared with those in the healthy control and recovery-phase patients ([Fig. 1](#f0005){ref-type="fig"}D). In addition, the number but not the percentage of CD8 T cells was significantly decreased in the acute-phase patients compared with that in the healthy controls and recovery-phase patients ([Fig. 1](#f0005){ref-type="fig"}G).

In addition, compared with the surviving patients, the deceased patients displayed lower percentage and number of CD4 T cells, but not that of CD8 T cells, at admission ([Fig. 1](#f0005){ref-type="fig"}E and H), which may suggest that CD4 T-cell depletion could be the major cause of T-lymphocyte deficiency in the deceased patients. Additionally, although the ratio of CD4/CD8 was lower in the deceased patients, there was no significant difference compared with that in the surviving patients ([Supplementary Fig. 3](#f0050){ref-type="graphic"}C), and the CD4/CD8 ratio showed no significant correlation with disease severity ([Supplementary Fig. 3](#f0050){ref-type="graphic"}E).

Linear regression analyses showed no significant correlations of the percentages and numbers of CD4 T cells or CD8 T cells with the viral loads of the SFTS patients ([Fig. 2](#f0010){ref-type="fig"}B and C). However, the percentage and number of CD4, but not CD8, T cells were negatively correlated with SFTSI ([Fig. 2](#f0010){ref-type="fig"}E and F).

As shown in [Fig. 1](#f0005){ref-type="fig"}F, in the surviving patients, the percentage and number of CD4 T cells returned to normal levels on days 11--13 and days 17--19, respectively. In the deceased patients, the percentage and number of CD4 T cells were significantly decreased on days 8--13 after disease onset compared with those in the surviving patients and did not return to normal levels before death.

3.3. Differential changes in CD4 T-cell subsets (including Th1, Th2, Th17 and Tregs) in SFTSV-infected patients {#s0070}
---------------------------------------------------------------------------------------------------------------

As the number and percentage of CD4 T cells were significantly correlated with the severity of SFTS, we further examined the frequencies of the CD4 T-cell subsets in the 42 SFTS patients during infection via flow cytometry. We then evaluated the correlation between the frequencies of CD4 T-cell subsets and SFTSI at admission via linear regression analyses. Data from the surviving patients showed that the percentages of Th1, Th2, and Th17 cells but not Tregs were increased in the acute-phase patients compared with those in the healthy controls (left panels of [Figs. 3](#f0015){ref-type="fig"}B, D and [4](#f0020){ref-type="fig"}B, D ). Additionally, as shown in the right panel of [Fig. 3](#f0015){ref-type="fig"}B, the number of Th1 cells was increased in the recovery-phase patients compared with those in the acute-phase patients and healthy controls, but no significant difference between the acute-phase patients and the healthy controls was noted. The number of Th17 cells was increased in the acute- and recovery-phase patients compared with that in the healthy controls ([Fig. 4](#f0020){ref-type="fig"}B, right). However, the number of Tregs was lower in the acute-phase patients compared with those in the healthy control and recovery-phase patients ([Fig. 4](#f0020){ref-type="fig"}D, right).Fig. 3Changes in the percentages and absolute numbers of Th1 and Th2 cells in SFTS patients.(A): Th1 cells (CD4 + IFN-γ+) and Th2 cells (CD4 + IL-4+) by flow cytometry in the healthy controls, surviving SFTS patients, and deceased SFTS patients, as defined by flow cytometry. The cells were gated on the CD3 + CD4+ population within the single-cell lymphocyte gate. (B), (D): The percentages and numbers of Th1 and Th2 cells in the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (C), (E): The percentages and numbers of Th1 and Th2 cells at admission in the surviving patients (n = 30) and the deceased patients (n = 12). (F), (G): Dynamic changes in the percentages and numbers of Th1 and Th2 cells in the surviving patients (n = 30) and the deceased patients (n = 12). These parameters were monitored at indicated time points for the entire hospital stay of the patients, and the dashed line represents the median of the uninfected controls. The data are shown as the median ± 95% CI. Statistical analysis was performed using the Mann-Whitney *U* test or the Wilcoxon matched pair test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001;Fig. 3Fig. 4Changes in the percentages and absolute numbers of Th17 and Treg cells in SFTS patients.(A): Th17 cells (CD4 + IL-17A+) and Treg cells (CD4 + CD25 + CD127^low^) by flow cytometry in the healthy controls, surviving SFTS patients, and deceased SFTS patients, as defined by flow cytometry. The cells were gated on the CD3 + CD4+ population within the single-cell lymphocyte gate. (B), (D): The percentages and numbers of Th17 and Treg cells in the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (C), (E): The percentages and numbers of Th17 and Treg cells at admission in the surviving patients (n = 30) and the deceased patients (n = 12). (F), (G): Dynamic changes in the percentages and numbers of Th17 and Treg cells in the surviving patients (n = 30) and the deceased patients (n = 12). These parameters were monitored at the indicated time points for the entire hospital stay of the patients, and the dashed line represents the median of the uninfected controls. The data are shown as the median ± 95% CI. Statistical analysis was performed using the Mann-Whitney U test or the Wilcoxon matched pair test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001;Fig. 4

In addition, compared with the surviving patients, the deceased patients displayed increased percentages of Th2, Th17 and Tregs, but not Th1 cells, at admission (left panels of [Figs. 3](#f0015){ref-type="fig"}C, E and [4](#f0020){ref-type="fig"}C, E). However, the numbers of Th1, Th2 and Tregs, but not Th17 cells, measured at admission were significantly decreased in the deceased patients compared with those in the surviving patients (right panels of [Figs. 3](#f0015){ref-type="fig"}C, E and [4](#f0020){ref-type="fig"}C, E). Furthermore, the percentages of Th2, Th17 and Tregs were significantly positively correlated with SFTSI ([Fig. 6](#f0030){ref-type="fig"}A) and the numbers of Th1, Th2 and Tregs were significantly inversely correlated with SFTSI ([Fig. 6](#f0030){ref-type="fig"}B).

Similar results were observed in the dynamic data for the percentages and numbers of CD4 T-cell subsets in the deceased and surviving patients. Compared with the surviving patients, the percentages of Th1 and Th2 were significantly increased on days 8--10, while the percentages of Th17 and Treg cells were significantly increased at days 8--13 and days11--13, respectively, in the deceased patients (left panels of [Figs. 3](#f0015){ref-type="fig"}F, G and [4](#f0020){ref-type="fig"}F, G). Furthermore, in agreement with CD4-T cell deficiency, the numbers of Th1, Th2, Th17 and Tregs were decreased at days 8--13 after disease onset in the deceased patients compared with those in the surviving patients (right panels of [Figs. 3](#f0015){ref-type="fig"}F, G and [4](#f0020){ref-type="fig"}F, G).

3.4. Significant correlation of Th1/Th2 and Th17/Treg ratios with disease severity in SFTS patients {#s0075}
---------------------------------------------------------------------------------------------------

As the fine balances between Th1 and Th2 cells and that between Th17 and Tregs play important roles in the development of infectious diseases, we investigated the Th1/Th2 and Th17/Treg ratios in the 42 SFTS patients at admission. As shown in [Fig. 5](#f0025){ref-type="fig"}A and E, the percentages of Th1 and Th17 cells were positively correlated with the percentages of Th2 and Tregs, respectively. However, the data from the surviving patients showed that the Th1/Th2 and Th17/Treg ratios were markedly increased in the acute- and recovery- phase SFTS patients compared with those in the healthy controls ([Fig. 5](#f0025){ref-type="fig"}B and F, respectively).Fig. 5Th1/Th2 and Th17/Treg imbalances are associated with SFTS patient outcomes.(A) and (D): Correlation of Th1 with Th2 and Th17 with Tregs in the 42 SFTS patients (30 surviving and 12 deceased) at admission. Correlation analysis was performed via the non-parametric Spearman correlation test. (B) and (E): The Th1/Th2 and Th17/Treg ratios in the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (C) and (F): theTh1/Th2 and Th17/Treg ratios at admission in the surviving patients (n = 30) and the deceased patients (n = 12). (G) and (H): Dynamic changes in the Th1/Th2 and Th17/Treg ratios in the surviving patients (n = 30) and the deceased patients (n = 12). These parameters were monitored at the indicated time points for the entire hospital stay of the patients, and the dashed line represents the median of the uninfected controls. Data from (B), (C), (E), (F), (G) and (H) are shown as the median ± 95% CI. The statistical analysis was performed using the Mann-Whitney U test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001;Fig. 5

In addition, compared with the surviving patients, the deceased patients exhibited lower Th1/Th2 ratio and higher Th17/Treg ratio ([Fig. 5](#f0025){ref-type="fig"}C and G, respectively).

Similar results were observed in the dynamic data for the Th1/Th2 and Th17/Treg ratios in the deceased and surviving patients ([Fig. 5](#f0025){ref-type="fig"}D and H). Additionally, linear regression analyses showed that the Th1/Th2 and Th17/Treg ratios were negatively and positively correlated with SFTSI, respectively ([Fig. 6](#f0030){ref-type="fig"}C and D). Fig. 6Correlation analysis of the percentages and counts of CD4 T-cell subsets with the severity of SFTS.(A) and (B): Correlation analysis of the percentages and numbers of CD4+ T-cell subsets with SFTSI in the 42 SFTS patients (30 surviving and 12 deceased) at admission. (C) and (D): Correlation analysis of Th1/Th2 and Th17/Treg ratios with SFTSI in the 42 SFTS patients (30 surviving and 12 deceased) at admission. Statistical analysis was performed via a non-parametric Spearman correlation test. In the graphs, r and p indicate the correlation coefficient and the p-value of significance, respectively. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Fig. 6Fig. 7Correlation analysis of the levels of IL-6, IL-10, IL-17A and IFN-γ with the Th1/Th2 and Th17/Treg ratios.Left panels of (A) - (D): Correlation analysis of the Th1/Th2 ratio with the levels of IL-6, IL-10, IL-17A and IFN-γ in the 42 SFTS patients (30 surviving and 12 deceased) at admission. Right panels of (A) - (D): Correlation analysis of the Th17/Treg ratio with the levels of IL-6, IL-10, IL-17A and IFN-γ in the 42 SFTS patients (30 surviving and 12 deceased) at admission. Statistical analysis was performed via a non-parametric Spearman correlation test. In the graphs, r and p indicate the correlation coefficient and the p-value of significance, respectively. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Fig. 7

3.5. Significant correlation between the Th17/Treg ratio and the IL-6 level in SFTS patients {#s0080}
--------------------------------------------------------------------------------------------

A previous study \[[@bb0115]\] demonstrates that host cytokine storm is associated with the severity of SFTS. Thus, we further evaluated the correlations of the Th1/Th2 and Th17/Treg ratios with the cytokines (including IL-6, IL-10, IL-17A and IFN-γ) at admission via linear regression analyses. Consistent with the previous studies \[[@bb0115], [@bb0120]\], the deceased patients displayed increased levels of IL-6, IL-10, IFN-γ and IL-17A at admission compared with the surviving patients ([Supplementary Fig. 4](#f0055){ref-type="graphic"}A--D). Additionally, the linear regression analyses showed that the level of IL-6, but not IL-10, IL-17A and IFN-γ, was positively correlated with the Th17/Treg ratio (right panels of [Fig. 7](#f0035){ref-type="fig"}A--D). However, there was no significant correlation between the levels of IL-6, IL-10, IL-17A and IFN-γ and the Th1/Th2 ratio (left panels of [Fig. 7](#f0035){ref-type="fig"}A--D).

4. Discussion {#s0085}
=============

Although there have been several studies on immune cells and mediators in both humans and mice, the mechanisms by which SFTSV causes severe illness remain to be elucidated \[[@bb0015], [@bb0020], [@bb0025], [@bb0035]\]. Our data indicated that the decreased percentage and number of CD4 T cells, and decreased numbers of Th1, Th2 and Tregs were associated with an increased severity of SFTS. Additionally, increased percentages of Th2, Th17 and Tregs in residual CD4 T cells, as well as skewing of Th17/Treg and Th2/Th1 ratios may cause poor outcomes in SFTS patients. Moreover, the Th17/Treg ratio was positively correlated with the level of IL-6.

Our data demonstrated that T lymphopenia---and CD4 T-cell depletion in particular--- was commonly observed during the early course of SFTSV infection, especially in patients who die. This finding was consistent with the results of previous reports on SFTS viral infection \[[@bb0030], [@bb0040]\]. In addition, the percentage and number of CD4 T cells but not CD8 T cells were negatively correlated with the severity of SFTS. Previous studies have shown that the depletion of CD4 T cells (but not CD8 T cells) results in delayed pulmonary viral clearance, and CD4 T cells are required for the generation of optimal antibody responses following infection with coronavirus or vaccinia virus \[[@bb0125], [@bb0130]\]. Moreover, an absence of CD4 T cells has been shown to compromise the production of primary cytotoxic T lymphocyte (CTL) responses following infection with vaccinia virus and HSV \[[@bb0135], [@bb0140]\]. Overall, the dramatic loss of CD4 T cells in the deceased patients may limit the initiation and maintenance of effective humoral and cytotoxic T-cell immunity, leading to immunosuppression.

In line with the observed depletion of CD4 T cells, the numbers of Th1, Th2 and Tregs were also lower in the deceased patients compared with those in the surviving patients. Th1 cells play a significant role in antibacterial and antiviral immune defence and in protective humoral responses \[[@bb0050]\]. In addition, several studies have shown that adoptive transfer of either Th1 or Th2 cells efficiently boost the generation of neutralizing antiviral IgG responses \[[@bb0145], [@bb0150]\]. Accordingly, a separate study in SFTS patients suggests that patients with severe disease produce lower levels of IgG and IgM antibodies during early infection than patients with a mild form of the disease \[[@bb0035]\]. Although the percentage of Th1 and Th2 cells was increased in the acute phase and in patients who eventually died from the disease, decreased counts of Th1 and Th2 cells may impact the function of cellular and humoral immune responses, thus affecting viral removal. Additionally, Tregs have been shown to limit pathology during viral infection, including West Nile virus and respiratory syncytial viral infections \[[@bb0155], [@bb0160]\]. However, data from an observational clinical study \[[@bb0165]\] indicated that an increased Treg cell ratio in bronchoalveolar lavage fluid (BALF) obtained from acute respiratory distress syndrome (ARDS) patients at the time of admission is an independent risk factor for 30-day mortality. Additionally, a decreased number of Tregs in the deceased patients may decrease their function and thus limit the magnitude of the immune response against pathogens and control of inflammatory reactions. Interestingly, our dynamic data suggested that, unlike other CD4 T-cell subsets, the number of Th17 cells was higher during early infection in the deceased patients than that in the surviving patients. Previous studies have indicated that Th17cells up-regulate anti-apoptotic molecules and thus increase persistent infection by inhibiting the apoptosis of infected cells and desensitizing target cell killing by T effector cells \[[@bb0170]\]. Additional studies \[[@bb0175], [@bb0180]\] suggest that Th17 cells mediate tissue inflammation by supporting neutrophil recruitment and survival and by inducing the expression of proinflammatory cytokines. In a word, lower numbers of Th1, Th2 and Treg cells and relatively higher numbers of Th17 cells may affect the direct antiviral functions of these cells in providing assistance to B cells, regulating immunopathology and mediating the cytotoxic killing of virus-infected cells.

In addition to the observed CD4 T-cell depletion, the cellular microenvironment was altered in the deceased patients. Given the non-synchronous changes in the Th, Th2, Th17 and Treg cells, we used Th1/Th2 and Th17/Treg ratios to define the relationship between the inflammation status and the regulatory condition of the immune system. Our study demonstrated that in the peripheral blood, the Th1/Th2 ratio decreased and the Th17/Treg ratio increased in the deceased patients compared with those in the patients who survived. Previous studies have suggested that Th2 bias is related to the pathogenesis of respiratory syncytial virus (RSV) bronchiolitis and to infection severity in both humans and mice \[[@bb0090], [@bb0185]\]. However, no studies have shown that the Th1/Th2 ratio has the potential to predict death. In addition, several studies indicated that Th17/Tregs imbalance is significantly correlated with the severity of traumatic haemorrhagic shock and ARDS in patients \[[@bb0080], [@bb0190]\]. Furthermore, similar to previous studies that related to hepatitis B virus (HBV)-related acute-on-chronic liver failure (ACHBLF) patients and ARDS patients \[[@bb0190], [@bb0195]\], an increased Treg/Th17 ratio was associated with the survival of SFTS patients. Moreover, our data showed that increased ratio of Th17/Tregs was associated with an increased level of IL-6. Previous studies \[[@bb0200], [@bb0205]\] suggest that the Th17/Treg imbalance that occurs in rheumatoid arthritis (RA) patients could be corrected by tocilizumab (TCZ)-mediated blockade of IL-6 signals, which is associated with improved clinical outcomes. Additionally, the Th17 response can be suppressed by Treg cells from patients who respond to treatment with adalimumab (a TNF-α inhibitor), via the control of monocyte-derived IL-6 production \[[@bb0210]\]. Given that decreases in CD4 T cells and Th1/Th2 ratio and increases in Th17/Tregs ratio were associated with disease severity, increasing the number of CD4 T cells and rectifying the Th2 and Th17 bias may help to maintain the immune system in a steady state, thus producing a therapeutic benefit.

To the best of our knowledge, this study provides the first kinetic data on the subsets of CD4 T cells during SFTSV infection. It is also the first study to emphasize that CD4 T-cell loss and Th2 and Th17 bias are significantly correlated with the severity of SFTS. Our data shed some light on the development of the disease and contribute to a better understanding of the mechanism underlying the progression of SFTS. These data may be of major significance for developing therapeutic strategies in the near future. Elucidating other potential factors leading to the decrease in CD4 T-cell numbers and to the Th2 and Th17 bias observed in deceased SFTS patients in the present study will require additional investigation.

The following are the supplementary data related to this article.Supplementary Fig. 1(A): Gating strategy for the identification of CD4+ T cells and CD8+ T cells from peripheral blood samples.Supplementary Fig. 1 Supplementary Fig. 2Changes in the percentage and absolute number of lymphocytes during SFTSV infection in humans. (A): The percentage and number of lymphocytes in the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (B): The percentage and number of lymphocytes at admission in the surviving patients (n = 30) and deceased patients (n = 12). (C): Dynamic changes in the percentage and number of lymphocytes in the surviving patients (n = 30) and deceased patients (n = 12). These parameters were monitored at the indicated time points for the entire hospital stay of the patients. The dashed line represents the median of the uninfected controls. (D) and (E): Correlation of the number of lymphocytes with the viral load and SFTSI in the SFTS patients (n = 42). Correlation analysis was performed using a non-parametric Spearman correlation test. In the graphs, r and p indicate the correlation coefficient and the p-value of significance, respectively. Data from (A), (B) and (C) are shown as the median ± 95% CI. Statistical analysis was performed using the Mann--Whitney *U* test or Wilcoxon matched pairs test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Supplementary Fig. 2 Supplementary Fig. 3No significantly difference in the ratio of CD4/CD8 between the deceased and the surviving patients. (A): Correlation analysis between the CD4 T cells and CD8 T cells of the 42 SFTS patients (30 survived and 12 deceased) at admission. Correlation analysis was done via a non-parametric Spearman correlation test. (B): The ratio of CD4/CD8 in the healthy controls (n = 11) and the surviving patients with SFTS in the acute phase (n = 30) and SFTS in the recovery phase (n = 30). (C): The ratio of CD4/CD8 at admission in the surviving patients (n = 30) and deceased patients (n = 12). (D): Dynamic changes in the ratio of CD4/CD8 in the surviving patients (n = 30) and the deceased patients (n = 12). These parameters were monitored at the indicated time points for the entire hospital stay of the patients. The dashed line represents the median of the uninfected controls. (E): Correlation analysis between the ratio of CD4/CD8 and SFTSI in the 42 SFTS patients at admission. Correlation analysis was done via a non-parametric Spearman correlation test. Data from (B), (C), (D) are shown as the median ± 95% CI. The statistical analysis was performed using the Mann-Whitney U test or Wilcoxon matched pairs text. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Supplementary Fig. 3 Supplementary Fig. 4The levels of IL-6, IL-10, IL-17A and IFN-γ were increased in the deceased patients compared with those in the surviving patients at admission. A, B, C and D: The plasma cytokine levels of IL-6, IL-10, IL-17A and IFN-γ were evaluated in the 42 SFTS patients (30 surviving and 12 deceased) at admission. The statistical analysis was performed using the Mann-Whitney U test. The level of significance is indicated as follows: ns, not significant; \*p \< .05; \*\*p \< .01; \*\*\*p \< .001; \*\*\*\*p \< .0001.Supplementary Fig. 4
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